In condensed matter physics broken symmetries and emergence of quasi-particles are intimately linked to each other. Whenever a symmetry is broken, it leaves its fingerprints, and that may be observed indirectly via its influence on the other quasi-particles. Here, we report the strong signature of broken rotational symmetry induced due to long range-ordering of spins in Mnsublattice of LiMn1.5Ni0.5O4 below Tc ~ 113 K reflected with the marked changes in the lattice vibrations using Raman scattering. In particular, the majority of the observed first-order phonon modes show a sharp shift in frequency in the vicinity of long range magnetic-ordering temperature.
INTRODUCTION
Since last few decades, numerous research efforts have been made in the field of advanced rechargeable batteries because of their potential applications in energy storage for electronics and portable devices (i.e. cell phones, laptop, electric vehicles etc.). Lithium-ion batteries appeared as the promising candidate due to its high energy density and high electrochemical performance [1] [2] [3] [4] [5] [6] . LiMn2O4 spinel material has attracted significant research interest as a cathode material for fabrication of high capacity Li-ion batteries due to its stable three-dimensional structure for lithium intercalation, inexpensive and environmentally suitable as compared to earlier commercialized layered material, i.e. LiCoO2 and LiNiO2 [7] [8] [9] . Although, LiMn2O4 a manganese spinel emerges as promising cathode material for Li-ion batteries but found to be compromise in electrochemical performance. In the stoichiometric LiMn2O4, manganese exhibits both +3 and +4 (i. te  ) is free from JT effect [10] [11] . Due to the presence of JT-distortion, it undergoes a charge-ordered reversible structural phase transition from cubic to orthorhombic phase around room temperature associated with orbital-ordering [12] [13] [14] [15] and results in reduced charge-discharge cycling performance. However, the partial substitution of different transition-metal ions (i.e. Fe, Co, Cr, Al and Ni) on Mn-site produces remarkable features with suppression in JT-distortion [16] [17] [18] [19] [20] [21] and enhanced local structural stability. The fractional substitution of Ni 2+ ( 62 2gg
te  ) in Mn-site of LiMn2O4 spinel results in increased rate performance due to the enormous change in Mn 3+ /Mn 4+ ratio [22] [23] [24] . In addition, LiMn1.5Ni0.5O4 has a higher operating potential ~ 4.7 V versus Li + /Li as compared to the parent LiMn2O4. In spinel LiMn1.5Ni0.5O4, manganese exhibit stable average +4 3 oxidation state, which stabilizes the three-dimensional structure and results in improved electrochemical charge/discharge cycling performance and thermal stability. LiMn1.5Ni0.5O4 spinel is known to crystallize in two different phases (i.e. ordered 3 
32 P -phase and disordered 3
Fd mphase) at room temperature depending on the synthesis conditions. In ordered phase, Ni 2+ and Mn
4+
ions occupy different octahedral sites (4a and 12d, respectively); whereas, in disordered phase they occupy the same 16d-octahedral site. It is crucial to investigate the microscopic peculiarities to understand the underlying physics in this compound. As phonons are responsible for controlling many physical properties of a system, such as thermal/electronic transport and stability of a system, therefore it becomes very important to probe the dynamics of phonons and its coupling with other quasiparticles in this system.
Here, we present a comprehensive structural, magnetic and inelastic light (Raman) 
Experimental and Computational details
LiMn1.5Ni0.5O4 sample was synthesized via a sol-gel process. Stoichiometric amounts of LiNO3, Ni(NO3)2.6H2O, and Mn(NO3)2 (all purity > 99.9%) precursors were dissolved in de-ionized water separately and were mixed while stirring vigorously for uniform mixing. A certain amount of solution of citric acid and ethylene glycol (in 1:1 molar ratio) was added to the solution containing the metal ions. This solution was heated at 80 ºC for 5 h, and subsequently dried at 120 ºC. The resultant powder was hand ground using a mortar & pestle and calcined at 400 ºC for 6 h, and then at 750 °C for 12 h. A Bruker D2 Phaser X-ray diffractometer equipped with Cu Kα as the x-ray source (λ = 1.54 Å) was used for the crystal structure analysis. The x-ray diffraction data were collected in the 2θ range of 10° -80°. Raman spectroscopic measurements were carried out in a broad temperature range (5 -400 K) using Raman spectrometer similar to as described in Ref. [25] and [26] . The temperature and dc magnetic field dependent magnetization measurements were carried out with a Quantum Design (USA) Magnetic Property Measurements System (MPMS).
The first principle calculations were done for parent compound via using ultrasoft pseudopotential plane-wave approach within the framework of the density functional theory (DFT) through QUANTUM ESPRESSO package [27] . The dynamical matrix and phonons at gamma point (q= 0, 0, 0) were calculated using Perdew-Burke-Ernzerhof generalized gradient approximation [28] as exchange-correlation functional along with linear response approach within density functional perturbation theory [29] . In these calculations, we have used the plane wave further confirm that LiMn1.5Ni0.5O4 sample prepared in present investigation crystallizes in a cubic structure (space group 3 Fd m ). An illustration of the LiMn1.5Ni0.5O4 crystal structure is given as the inset in Figure 1 . The cell parameter a and cell volume V was found to be 8.17365(15) Å and 546.069(30) Å 3 , respectively which is in agreement with the earlier reports [31] .
Magnetic Study
Figure 2 (a) shows temperature variation zero field cooled (ZFC) and field cooled (FC) magnetic susceptibility (  ) of LiMn1.5Ni0.5O4 spinel in the temperature range of 2-300 K at applied dc magnetic field of 100, 500 and 1000 Oe. The  measurement shows abrupt increase below ~ 115 K on cooling and significant bifurcation between ZFC and FC curves is observed at low applied dc magnetic field ( 100 Oe ) with a broad maximum cusp in ZFC curve around 50 K. The observed feature of  indicates the ferrimagnetic interaction within Mn and Ni sub-lattices with the presence of spin-glass magnetic nature in this material [32] . Furthermore, the bifurcation between ZFC and FC curves substantially decreases with an increase in the strength of the applied dc magnetic field at 500 Oe and 1000 Oe (see Figure 2 [31, 38] . In accordance with the factor group analysis irreducible representation of order and disordered phase of LiMn1.5Ni0.5O4 spinel consists of 168 and 42 phonon modes, respectively [39] . Total number of Raman and infrared (IR) active modes in order and disordered phase within irreducible representations and corresponding mode decomposition is summarized in Table I . Figure 3 illustrate the Raman spectrum in the spectral range of 100-800 cm -1 obtained at 5 K, highlighting total 12 phonon modes named as S1 to S12. The observed Raman spectrum shows the presence of broad low intensity modes around ~ 400 cm -1 suggesting the disordered nature of LiMn1.5Ni0.5O4 ( 3 Fd m ), as these modes were observed to be relatively intense in ordered- 3 
32
P phase [40] [41] . The spectra are fitted with a sum of Lorentzian to determine the self-energy parameter such as phonon mode frequency and line-width. All the observed modes S1 to S12 at 5 K are tabulated in Table- II. Furthermore, to understand the microscopic behavior of vibrational modes associated with LiMn1.5Ni0.5O4, we have performed zone-centred phonon calculations for the undoped compound. Our density functional perturbation theory calculated phonon mode frequencies are in good agreement with the experimentally observed values [42] (see Table-II) .
We have compared the calculated mode frequencies with the experimentally observed frequencies Figure 4 illustrates the calculated eigen vector for the phonon modes S4, S5, S7, S10 and S11, indicating the direction and magnitude of atomic vibration along with the atoms participating in a particular mode of vibration. Based on our first-principle calculations, we have assigned the observed phonon modes as: S2-S3 ( ~ 332- A ) originates from the symmetric stretching vibration of Mn-O bond in the MnO6 octahedra.
In addition, the appearance of low frequency mode S1 ~ 167 cm -1 in the spectrum may be speculated due to the scattering of the acoustic mode from other parts of Brillouin zone, as the phonon dispersion of LiMn2O4 spinel shows the value close to this frequency at X-point in the
Brillouin zone [43] . Also, the observed weak shoulder mode S12 may be attributed to the second order modes or second order IR modes become Raman active [44] [45] . Figure 5 shows the temperature evolution of the self-energy parameters of the phonon modes (i.e. S1, S4 and S5) in the spectral range of 100 -450 cm -1 . We note that frequency of the mode S1, S4 and S5 start deviating from normal temperature dependence i.e. increase in mode frequency with decreasing temperature below ~ 110 K; and interestingly, S1 shows a small jump in frequency at ~ 60 K and remain constant below this temperature. However, damping constant shows normal temperature evolution i.e. decrease in linewidth with decreasing temperature. K. However, line-width of the mode S9 and S10 shows anomalous temperature evolution; first their linewidth decreases sharply till ~ 230 K starting from 400 K and then line-width of S9 changes slope. Linewidth of S10 is nearly constant below 230 K down to ~ 100 K, and on further cooling continuous line broadening ( ~ 25 %) is observed down to lowest recorded temperature (see Figure   6 ). Figures 7 ( a and b ) shows the temperature evolution of S9 and S10 modes. Above room temperature S10 mode is weak and appeared as a shoulder of S9 mode. Interestingly, with lowering temperature below ~ 260 K, it shows distinct evolution down to ~ 60 K, and on further cooling, it again starts merging and becomes a shoulder-like feature of S9 mode. The distinct evolution of S10 mode around ~ 610 cm -1 in the intermediate temperature range of 60-260 K is attributed to the improved Mn/Ni charge-ordering [46] . Interestingly, the intensity of S9 and S10 mode also shows anomalous temperature dependence (see Figure 7 (c and d) ). Intensity of the S9 mode increases with decrease in temperature down to ~ 230 K and below this temperature it is observed to remain nearly constant down to 5 K. On the other hand, intensity of S10 mode remain almost constant down to ~ 230 K and increases on further decrease in temperature upto ~ 100 K, below this temperature it is again nearly constant down to 5 K. The anomalous temperature dependent behavior of intensity associated S9 and S10 mode again reflect the appearance of charge-ordering (broken translational symmetry) in LiMn1.5Ni0.5O4 spinel. The anomaly observed in the line-width of S9 and S10 mode at 230 K may have its origin due to the interaction of phonons with charge degrees of freedom below ~ 230 K down to 60 K (see Figure 6 ). This local charge-ordering in Bsite of spinel is associated with Mn/NiO6 octahedral arrangement, as modes around 600 cm - Strong interaction between spin and lattice degrees of freedom, and associated charged and/or orbital ordering has also been observed in similar spinel compounds in low temperature range leading to magnetic and/or structural phase transition [52] [53] . Nevertheless, our study shows a significant effect of spin and/or charge degrees of freedom on lattice dynamics of LiMn1.5Ni0.5O4
Temperature Dependence of Phonon Modes
compound at low temperature reflecting the complex interplay between various degrees of freedom. Furthermore, the anomalous temperature dependence of mode frequencies and line-width at low temperature (< 60 K) reflect strong interaction of phonon with magnetic excitations.
At low temperature, the intrinsic lattice dynamics has a small contribution to any change , and last two terms of eqn. (1) are attributed to change in phonon frequency due to electron-phonon coupling and spin-phonon coupling, respectively, and these can be neglected as this spinel compound is insulating in nature and shows no magnetic correlation above ~ 113 K. As a result, we have fitted all the phonon modes in the temperature range 120 -400 K and the obtained fitted parameters are summarized in Table- II. The value of phonon-phonon coupling () ph ph   is found to be maximum for S10 ( F2g (1) ) ( ph ph   ~ 1 ) and followed by S11 ( A1g ) (~ 0.6 ) and S7 ( F2g (2) ) (~ 0.5 ) modes indicate that strong phonon-phonon interaction is primarily prominent in modes arising due to stretching of Mn-O and Ni-O bonds.
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The observed magnetic ordering is reflected as the deviation of mode frequency and linewidth from estimated temperature variation via phonon-phonon interaction model ( see solid red curve in Figure 5 and 6 ) below the magnetic transition due to the interaction between lattice and magnetic degrees of freedom through a strong spin-phonon coupling. We note that some of the modes show pronounced softening/hardening as compared to other phonon modes below the magnetic ordering temperature. Microscopically, we may understand the different nature of coupling with spin degrees of freedom through the exchange Hamiltonian for nearest-neighbours spin-spin correlation given as [56-58]:
where, ij J is a super-exchange integral, . As different phonon modes arise due to the vibration of different atoms with varying amplitude and direction of vibration (see Figure 4 ; where the length of arrow shows amplitude of vibration associated with particular atom), therefore the strength of spin-phonon coupling may vary in accordance to particular mode of vibration; and varying renormalization may be attributed to these factors.
As it is well understood that the structural stability is very crucial for better electrochemical performance during the charge/discharge cycle (i.e. during lithium intercalation / deintercalation).
Therefore, it is important to have better insight into the structural stability of this spinel compound.
We have studied the temperature variation of linear thermal expansion coefficient ( ( )) T  extracted from our Raman measurements using eqn. 3, where the value of constants 0 1 2 a , a , a and 3 a are obtained from fitting as discussed above in the temperature range of 120-400 K. However, below 120 K, it is only estimated value of () T  (see Figure 8 ) based on the constant extracted in the temperature range of 120-400 K; and value of the Gruneisen parameter is taken as ~ 2. Figure 8 (a, b and c) shows the variation of () T  for predominant phonon modes (i.e. S4, S5, S7, S9, S10
and S11). The following observations can be made: (i) the temperature variation of () T  associated with low frequency modes S4 and S5 decreases on cooling down to lowest recorded temperature; however, the observed decrease in () T  is more prominent below ~ 110 K (see hand for S10 mode shows slight upward trend below ~ 110 K (see Figure 8 (b)) and (iii) for the most intense modes S7 and S11, the value of () T  decrease on cooling down to ~ 110 K and on further cooling it is found to be nearly constant for S7 mode and sharp decrease is observed for S11 mode (see Figure 8 (c) ). The observed temperature variation of () T  clearly shows that LiMn1.5Ni0.5O4 spinel is structurally stable, indicating suppression JT distortion effect (i.e.
significantly reduced Mn 3+ oxidation state) in this compound. As in the pristine LiMn2O4 spinel, the octahedral distortion due to the presence of JT effect causes first order structural phase transition and is reflected as a relatively increased value of ( ) T  around the transition temperature [59] .
SUMMARY AND CONCLUSIONS
In conclusion, we have carried out magnetic, inelastic light (Raman) scattering study of 
